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NACA ARR No. 4E31
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
ARDVANCE RESTRICTED REPORT

TORSION TESTS OF STIFFENED CIRCULAR CYLINDERS

By R. L. Mcore and C. Wescoeat
INTRCDUCTION

The desgign of curved sheet panels to resist shear
involves a consideration of scveral facters: the buck-
ling resigtance of the sheect, the strnss at which buck-
ling beccmes perwansnt, and the strength which may be
developed berond the buckling limit by tension-field
actlion. Althovrgh sows experimental as well as theoreti-
cal work hasg been done on the buckling and tengion-field
phages of thi~ problim, neliher of these types of action
appears tc be very well undsrstood., The problem is of
sufficient importance from the standpoint of aircraft
design, it is believed, to warrant further experimental
inveatigation. This report presents the results of the
first series of torsion tests of stiffoned circular cyl-
inders to be completed in connection with this study at
Aluminum Rasgearch Laboratories.

In some respects the shear prcblem for curved sheet
pancels is similar to that for flat panels. The buckling
resistance depends not only »pon curvature and the pro-
porticns of panel but also vpon the restraint provided
at the edges The strength which may be developed by-
yond the buckliing limit depends upon the capacity of the
sheet to transmit shear by diagonal tension and the re-
sistance of the stiffencr gystem to such tensile forces.
The suddenness with which bnckling generally occurs in
a curved sheet would appear to make thig action more de-
terminate by experimental methods than is the case in
flat sheet where the effects of eccentricities of loading
usually obscure well-defined buckling phencmena. Tension-
‘field action is more complsax for curved panels, however,
in that the stiffeners are subjected to combined bending
and twist as well as axial compression.
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Several sclutions have been proposged for the problem
of elaatic shear-buckling in curved sheet panels., The
ANC-5 Handbock (reference 1) indicates that this property
may be deterinined by compting the critical stress for a
1=t panel of the same propcrtions and adding a factor
depending vpon curvature. This golution 1s similar in
“orm to that proposed by Wagner and Ballerstedt (refer-
ence 2)., Kromm (reterence 3) has derived an approximate
formula for the sgtability limit of infinitely long curved
plate strips; while Ebner (reference 4) indicates that
thig preperty may be determined by “ormulas similar to
those devsloped for curved panels undcr compression.
Schapitz (refersnce 5) concludea that the shear-buckling
action of curved sheet is largely unexplained, The
latter reference presents the results of torsion tests
of three stiffened circular cylinders and gives an analy-
sis of tension~field action. Emphasis is placed upon
the need for additional tests, not only to indicate
ghear -buckling characteristics, but to show the buckle
patterna and stresses accompanying tension-field action.

OBJECT

The obJject of this investigation was to obtain, by
means of torsion tests of stiffered circular cylinders,
information on the behavior of curved sheet panels in
ghear. TFour types of action have been considered:

(1) The shear-buckling resistance of cylinders hav-
ing ring stiffeners only, for which the buckling limit
ig also the ultimate strength,

(2) The shear-buckling resistance of panels of cyl-
inders having both longitudinal and ring stiffeners,

(3) The shear strength attainable beyond the buck-
ling limit through the development of tension-field
action in cylinders having both ring and longitudinal
stiffeners,

.(4) The permanent buckling characteristics of curved
panels,
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SPECTMENS

The srecirens fer thege tests were circular cylin-
dere, formed of 0,020~ by 36- by 96-inch 243-T sheet.
The wean diemeter was 20.08 inches and the over-all
length 36 inches. Fizure 1 gives the essential struc-
tural details, The ring stiffencrs were made of 1/2-
by 1/2-inch 245-T squarc bars, sYaped cold tc auproximate
elze in forming roila., After forming, the rinzs were
gpliced and machined to obtain the recuired diamester,
The longitudinal stiffeners werc formed of 0.C32-inch
243-T shect, Figure 1 sghows the nominal dimencions,
One of these stiffsners was used at the longiiiudinal seam
of all specimens in crder to prevent the wavinsss which
might othervize occur in a long thin lap Joint having a
larze number of clogely spaced rivets. Ths er? bulk-
head rings were made from 3/0-inch-thick stecl plates.

Shear-buckling charactcristics within ths elastic
range vere 1lnvestizated for 10 different sizes of curved
sheet panels the dimensions and epscimen number designa-
tions of waich are shown in figwres 5 and 11. All sizes
of panels were obtained by varying the stiffener spacings
of four different cylinders., Specimenn 14, 15, 20, and
2l, having the clesest spacings of stiffeners, were the
only ones tested to failure invelving tension-field
action,

PROCEDURE

Mgthod of Loading

Figure 2 shows the loading Tixture in which the
torsion tests were mede. This egulpmert consists of
two gimilar structural stesl framss having a depth of
3 fecet 6 1nches at the center and an eoffective lever
arm of 12 feet 1/8 inch. One frame was held against
rotation by anchoring it to the floor by means of bolts
used in floor inserts; the other was rotated by means
of loading screws go arranged as to pull in opposite
directions at the ends. Spherically seated nuts were
provided at each end of both loading screws to accom-
modate the movement accompanying the expected angles
of twist.
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The forces at the ends of the movable frame werse
determined by means of an eiuminum allicy dynamometer
link having a capacity cf Z000 pounds. This force, ap-
piied in orposite Gireciicns at the ends of the loading
frome, rrovidsd a maximum torque capacity of about
60,070 foot-pcuncs., Calibration of the dynamometer in-
dicated a lincar reletion bstween load and deflection
throughout the entire working rargs (0.236-1in. deflec-
tion for 5000-1b lcad)., Deflcctions were estimated by
means of a dial indicator to the nenrest 00,0001 inch,
correspcnding to a torque of about 25 foot-pounds,

The applicaticn of torgue required two operators,
one at eaclh of the leading screws, Since ths center
of rotation was not fixed, it was necessary to provide
some means of keeping the two esnds of the specimen in
the same relative position, otherwiss some trangversoc
berding as well a8 torque mighc have been applied,
Fipure 3 shows the ter which was mounted on the longi-
tuiinal axis of the gpecimens to serve as a reference
for maintaining tha proper position relative to the
floor, By keeping a dial indicator at the rotating end
in a pogition where it could be viewed by one loading-
gcrew cperator during the application of torque, it was
pesgible to keep the vertical positicn of the center of
rotation constant within 0,001 or 0.002 inch. Readings
were taken at intervals at the fixed end of the specimen
until it was demonstrated that for practical purposes
these movements were negligible,

Although torque was applied in increments in all
tests, 1t was gencrally not practical to attsmpt to
apply definite predetermined values. The zerc reading
for cach case was cbtained with the specimen suspended
looscly between the leading fremes in order to eliminate
accidental and unkncwn clamping tcrques. Aftcer the
grecimen was bolted in place, the loading arm was ro-
tated until a dynamometzr rending approximately equal
to that desired was obtained, after which a final ad-
Justment for cylinder position was made.

When buckling torgues were being determined, it
was necessary to watch the dynamometer deflection read-
ings closgely in nsrder to catch the maximum values since
the torques fell off as soon as buckling occurred, It
was generally not possiblc from visual observation to
predict when this buckling action would occur. In the
specimens having ring stiffeners only,* an increase in

*Longitudinal stiffencr used at seam in all specimens not
considered effective in increasing shear-buckling resistance,
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the angle of twist after buckling only resulted in a
further decreass in torque. IT the angle of twist was
returncd to zero, however, a torque reading approximate-
1y equal to the initial buckling value was obtained when
the glheet srappsd back to its original curved form., In
specimens bavirg 8 or 15 lonzitudinal stiffeners as well
ag ring stiffeners, this sudlcen buckling action and sub-
sequent falling off cf the torque occurred repeatedly,
althovgh at gradually increasing values, until all panels
were buckled.

The aspecimens having ring etiffensrs only were sub-
Jected to more than onec lcading 1n an offort to obtain
mcre representative buckling valucs., Teshs were re-
peated in some ingtarces with ths specimen rotated 180°
with regpect to its original positicn or turned end for
end. Lcadings were algo tried in ssveral instances with
a numbor of vud-comnnecticn bolts romeved to minimize
stralng resul ving firom clampirg the ond bulkheads tightly

1
i

to the loading Fremes. Although a range of dbuckling
valucs was obtained by this procedurs, there vus no evi-
dence that the buckling action in one test Infiuvenced
the behavior in subseguent loadinza., Bucklirg usvally
occurred in the same part of the cylinder in each test,
regardlegs of its position in the loading frames.

Measurements

In addition to visual observations of the behavior
of the cylinders and the determination of buckling and
ultimate torques, mezsvremcnts of over-all twist, radial
deflections, and strains wore made.

The twists wore doetermincd by means of a 10-inch
level bar, used in the manner indicated in figure 3.
Thieg instrument, oguipped with a 45-second bubble and a
micromecter screw graduated in 0.70L inch, was scnsltive
to changes in slope of about cne part in fifty thousand,
The refercnce bars for those measvrements, which also
gerved to support the reference uscd for maintaining
vortical position, ‘were located on the inside face of
the end bulkheadg. The cifective length of specimen was
asaymed to be 355 inches, cr the distance between bulk-
head centers,

Radial deflections were determired by means of a
dial gage graduated in 0.701 inch and mounted on a sliding
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pivot on the refercnce bar located at the center of the
cylinders as chown in tigurs 3. This indicator could be

vded to traverge the entire inside surface of ths speci-
mens with tie exception of a lszngth of about 4 inchss

at each ené¢, Rings with sstscrews were used on both
gides of the pivet to prsvent sliding while readings

ary one gectisn wers being taken, The procsdure followed
wad to lay ont a reference grid on one or more panels,
including the stiffenrrs along the edge, which would
provids sufficiert cdata te indicate *“he progress and pat-
teyn of the buckling action of ths sheet and stiffeners.
Fanels adjecent to the longitudinal seam of the specimens
were not considered suifsble for this purpese, although
their acticn generally did not indicate any significantly
different behavior,

Straing in the sheet were m2acured by means of
Baliwin Southwark ER-4 tyre R-1 wire-~r=sisience strain
romsettes, Theus rosetier wers vaed in palrs, one gage
on sach gide of the glwet at each location, In some
casze an attempt wes male to obtelin an avdroximote meas-~
vre of the strain distribubion in o typical pancl by
taking measurements ac several (iiffsrent poinig as indi-
cated in figure 4., In others, rosettes were lorated at
the centers of panels only. These gzgex were attached
by means of Duco houzehold cerent after the surface of
the sheet had besn roushened e_jigatly with emery cloth
(Aloxite No. 320) and cleansd with acetone.

Strain measurements on the longitudinal stiffeners
were macde by msans of Loth SE~-4 type A-l wire-resistance
strain gages and a 10-inch Whittemere strain gags. The
Whittemore strain gege was more suited for measurements
of extreme flber stre 305 althouzh the gage length was
teo long in meet cases To be genaitive to veriations in
bending along the length of the stiffeners. The wire
gtrain gages were too wide to be cewentod to the curved
flanges of the longitudinal sgtiffeners and hewce could
be placed only on the zides where they were relatively
insennitive to bending. A few strain measuremsnts vere
taken on the ring stiffeners in the first tests by means
of wire gages, but these determinations were not con-
tinued on all specimens.

Fizure 4 shows the instrumentation used in the de-
termination of straing by means of the wire-resiastance
gages., Unit strains were read directly in microinches
by means of the Baldwin Southwark SR-4 strain indicator.
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Computation of Stresses and Angles of Twist

Average shear stresses were computed from the re-
lation

4

T =

el

2
1 Dc.
where
T  shear stress, psi
T torque, ft-1b
D mean diameter, in, (30.08)
and
t sheet thickness, in,

Argles of twist were computed from the retation

6 = 4811
7D Gt
where
& cover-all twist, radians
5

L  length, in. (35%)
and
G modulus of elasticity in shear, psi (3,950,000)

Measured strains were rcduced to stresses using a
nedulus of elasticity of 10,500,000 psi and a Poisson's
ratio of 1/3. The direction and the magnitude of the
principal stresses in tho sheet were determined from the
rogette data by means of the usual biaxial stress relations.

The more complex formulas used for the computation
ot shear-buckling values and the siresses accompanying
tension~field action are swmmarized in the appendix,

Auxiliary Tegts of Stiffeners

Since the longitudinal stiffeners were formed sec-
tions, the actual dimensions differed slightly from the
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rominal values indicated in figurs 1. A represgentative
value for croas-gsectional arca was determined by weigh-
ing several samples of known lerngth., Moments of inertila
about the principal axes and the locaticn of the neutral
axis in bhending were detormined from strain and deflsc-
tion measurements mads in bending tests under central
concentrated loads., Compression tests also were made on
individuval stiffensr sechticns ranzing from 3 to 35 inches
in length,

RESULTS AND DISCUSSION

Buckling of Cylinders Having Ring Stiffeners Only

Although numarous torsicn tests cof unstiffened cir-
cular cylinders have been reported (references 6 and 7),
the bchavior of specimens of this type provides a logical
gtar-ting point Tcr evaluating the effectiveness of stiff-
eners in increasing the shoar-buckling resistance cf
curved sheet., TFigure & shows typlical torque-twist curves
and indicates observed buckling ranges as wcll as theo-
retical buckling torques for different lengths of cylin-
drical ssction. The theoretical values were computed
according to refercnce 6, azsuning hingsd edges. Data
on measured wave lengths and angles of buckles are also
included, Pigures € to 10 ghow the nature and the ex-
tent of the buckling action produced.

As indicated by the shape of the torque-twist
curves in figure 5, well-defined buckling values were
¢btained in all cases. Repeatsd tests of the same speci-
men did not glve ildentical values of buckling torque,
althcugh the differences obtained were nct large. Mini-
mum torques in any one series of teste ranged from 83
to 98 percent of the maximum, Within the range of shear-
resistant action before buckling, thc torsional stiff-
negs was in good agrecment with that computed.

The maximum depbhs of buckles shown in figures &
to 1N range from about 3/16 inch for the closest spacing
of ring stiffensrs to about 5/8 inch for the widest
gpacing, The fact that buckles of this depth could be
produccd repsatedly without an, consistent or appreciable
dif erence in the required terque indicates that the
action was essentially clagtic, I% should not be assumcd
from these tests, however, that slight local permanent
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sets are not a possibility at low shear-~buckling stresses.
When a large buckle such as that shown in figure 6 is
formed rather violently, scme part of the sheet may be
gubjected to a sharp enough curvature tc leave a notice-
able permanent crease, although the buckling resistance
in subsequent tests may not be materially affected. Such
an obscrvation was made in the case of sgpecimen 16 for

a shear stress of only ahout 1100 psi,

Table I shows that the average observed shear-
buckling stresses ranged from 77 to 93 percent of the
thecretical values based on reference 6, assuming hinged
edges. Some restraint was, of course, obtained at the
end bulkhcads and ths intermediate ring stiffencrs; al-
though for the L/D ravios investigated, an assumption
of clamped edges would have increased the theoretical
buckling values only 10 to 12 percent., Part of the dis-
crepancy betwecn observed and theoretical buckling
stresges wndoubtedly may be attributed to local out-of-
roundnegs or initial buckles in the cylinders. The dif-
ference between the obasrved buckling values for specimens
13 and 13A indicates that a more uniform distribution of
shear stress and consequently a higher buckling value
may be obtained for interior panels than for pancls ad-
Jacent to the section of torque application. The ob-
served angles of buckling ranged from about 30 to 100
greater than those computed according to reference 6,
the differences being greatest for the closest spacing
of ring stiffeners, The measvrsd wave lengths were also
somewhat greater than were computed.

In goeneral, the results of these tests arec in fair
agrecment with those reported by other investigators.
The cxperimsntally determined buckling torques given in
referznce 6 fcor cylinders without intermcdiste ring
stiffeners averaged about 75 percent of the thesoretical
values for clamped edges with a minimum cf 80 percont
of the theoretical; whereas the observed valucs for tha
prescnt tests averaged about 85 porcent of the theoreti-
cal for hinged edgece with a minimum in any one test of
70 percent of the theoretical. The method of computation
given in ANC-5 (reference 1) is quite conservative in
that it assumes that the minimum buckling resistance to
be cxpected for average cylinders of the proportions cone
sidered will not excecd about 60 percent of the theo-
retical,



10 NACA ARR No. 4E31

Buckling of Curved ranels

Flgures 11 and 16 show the torque-twist curves and
the buckling ranges or values observed for 10 different
sizes of curved sheet panel. Although the torques for
first buckling were fairly well defined, all like panels
did no% buckie simultaneously and it was necesseary in
most cases to determine the ranges cver which this ac-
tion cccurred. Ths minimum buckling values Tor the
different asizes of panel shown in figure 11 ranged from
74 to 89 percent of the maximum valuss. For the speci-
mens having more than one spacing of ring stiffeners,
the buckling of the largest panels was the only action
definitely reflected by the torque-twist reliations.
Buckling ranges or values for the smaller panels were
determined by visual obtservation.

Figures 12, 13, and 14 show the nature of the buck-
ling action obtained in the panels where radial deflec-
tions were measured, The angles of first buckling were
in every case slightly less than ghown in figure & for
specimens having the same spacings of ring stiffeners
but without longitudinals, indicating that the longitudi-
nals had a significant effect upon the buckling charac-
teristics. The effect of the longitudinals probably
would have been more pronounced had the spacings not bheen
approximately squal to a multiple of the buckle wave
lengths obtained without thuse stiffeners,

Table IT summarizes the mean observed shear-buckling
stresses for all sizes of panel and gives corresponding
computed values obtained by several methods, Ratiocs of
these cbserved to computed buckling stresses are given
in table ITI. Of principal interest from the standpoint
of design is the fact that the experimental buckling
values exceed those computed according to ANC-5
(reference 1) by as much as 3" to 130 percent, The
greatest dif“erences are shown for the panels formed by
a close spacing of ring stiffeners., The ANC-5 valuss
werc obtained by computing the buckling stresses for
flat panels having the same proportions as those tested
and adding a factor for curvature, Hinged edges were
assumed, although for all but the clcsest spacings of
ring stiffeners the agsumpticn of partial or even com-
plete edge fixity would not have altered the results
appreciably.
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The shear-buckling stresses computed according to
references 3 and 4 are in much better agreement with ob-
gerved values, although here egain the greatest differ-
ences are shown for the closest spacings of ring stiffeners,
The method of reference 3 was derived for infinitely long
curved plate strips having simply supported edges. It
was agsumed that the buckling values for panels of the
lengths congidered were equal to tiae computed values for
infinitely long penels multiplied by the ratio of the
computed values for corresponding flat panels. In only
two cases were the buckling values obtained by this pro-
cedure on the unsafe side. The method of reference 4 is
more conservative and appears to offer a somewhat more
practical basis for design. Failure to take proper ac-
count of edge restraining effects 1s probably partly
responeidble for its apparcent shortcomings for close
gtiffener spacings. The importance cf this factor is
indicated by the fact that the theoretical buckling value
for a 9 inch~long unstiffened cylindrical section of the
proportions tested is only about 12 percent higher for
fixed than for hinged edgeg; whereas for a 2-inch-long
gection the corresponding increase "in buckling value is
about 40 percent,

In the tests of the specimens having ring stiffeners
only it will be recalled from table I that the observed
buckling stresses averaged about 85 percent of the theo-
retical based on reference 6, assuming hinged edges.
Table IIT shows that the mean obgerved buckling stresses
for different lengths of cylindrical sgecticns having
8 longitudinal stiffeners were from 92 to 106 percent
cf the theoretical values for the game lengths of
unatiffened cylindurs; whercas the buckling values for
cylinders having 16 longitudinal stiffencrs were from
26 to 56 percent greater than the thecrstical for the
corregponding unstiffened cylinders. Figure 15 illus-
trates these relations between shcar-buckling stress,

L/D retio, and the number cof longitudinal stiffeners.

It appears from these tests that the buckling stress

for an unstiffened cylinder may be increased about 20
percent by adding 8 equally spaced longitudinal stiffeners
or increased about 60 percent by adding 15 equally spaced
stiffeners.

Although the relative merits of different sizes of
longitudinal stiffeners have not been investigated, the
particular section chosen for these tests was adequate
a8 far as buckling resistance was concerned in that it
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remained cssentially straight after buckling of the sheet
panels. How much smaller the stiffeners might have been
and still accomplish the same result is, of course, not
known, It is instructive to pcint out that as far as

the shear-buckling resistance of the panels was concerned,
the material in the stiffeners might have been used some-
what more effectively if it had been added uniformly to
the cylinder wall thickness, According to computations
the chear-buckling resistance wculd have been lncreased
about 40 percent by utilizing the material of 8 longi-
tvdinals or 80 percent by utilizing that of 16 gtiffeners.
These inoreases in buckling resistance are slightly
greater than obtained by the use of stiffeners.

Tension~Field Action

Tests to failure, involving the application of tor-
ques of from four to six times the values required to
produce first panel buckling, were made con only four
¢ylinders, Tigure 16 shows complete torque-twist curves
for these specimens and indicates buckling ranges and
maximum torques,

The action of stiffened circular cylindcrs in the
tension-field range is so complex that no attempt has
been made from these few tests to formulate gencral
cenclusions regarding such behavior, Some indlcation
of the principal elements of the problem may be obtained,
however, from a consideration of the torsional stiffness
after btuckling, the buckle patterns and sheet strossecs,
the stresses and dsflections produced in the stifficners,
and the ultimate tcrsional strengths.

Torsional stiffness. - The torque-twist curves in
figure 15 indicate Tour distinct stages in the behavicr
of the cylinders: (1) the range of shear-resistant ac-
tion before buckling, for which the torsicnal stiffness
may be predicted closely on the assumption of pure
shear; (2) the buckling range, where there is a marked
decrease in the torsional stiffness as the sheet is being
stretched to where it is capable of transmitting shear
by diagonal tension; (3) the tenslon-field range in which
the shear in excess of the buckling value is carried
principally by tension in the sheet and an approximately
linear relation tetwecn torque and twigt ig agrin cbtained;
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and (4) ultimate failure, which may occur either by
fracture of the sheet or by ccllapse of somes element cof
the gtiffener system.

Torsional stiffness in the range after buckling
appears to be dependent nct only upon sheet thickness
and proportions c¢f panel but also upon the properties
of the stiffeners. The use of two or more quite differ-
ent ring-stiffener spacings in all specimens except
specimen 15 mede 1t impossible to evaluate the stiffness
of the different sizss of pansls from measursments of
over-all twist only, Ratios of the rates of twist after
buckling to those beinre buckling werc approximately as
follows:

[

Epecimen 14 - 3.9
Epecimen 15 - 4,1
Specimen 20 - 3.2
Specimen 21 - 2.8

The fact that specimen 21 was the gtiffest in the tension-
field range is not swprising in view of the clossz spac-
ings oi stiffeners, although an explanation for the
relative stiffneeses of specimens 14, 15, and 20 is not
apparent from inspection, The large decrease in tor-
slonal stiffnesa after buckling is evidance of several
factors of importanrce in an anclysis of tension-field
action: (1) the angle and distribution cof the diagonal
tensile stresses in each panel, (2) the stretching of
the sheet betwesen longituvdinals from an arc to a posi-
tion apprecaching the chord, and (3) the radial derlec-
tions of the longitudinal and rinz stiffensrs.

Buckle patterns. - Figures 12, 13, and 14, previ-
ously referred to, illustrate the buckling characteris-
tics observed for torques covering the greater part of
the tonsion-field range investigated. The position and
angle of buckling, which it should b2 noted are not con-
gtant with varying torques, arc indicative of the paths
of the principal diagonal tensions, The torgue-radial
deflection curves shown in figure 17 gives an indication
of the progress of this buckling. In those cases for
which the number of buckles and the location of the
points of maximm deflection remained fairly constant,
the curves indicate well-defined buckling action within
the range of critical torques selected. In those cascs
where thore was a shift in the tuckle pattern, however,
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the break or knse in the torqure-dsflection curves which
ig indicative of buckling was less pronounced.

Sheet gtreeses, - Figurcs 18 to 21 show the torque
stress reclations obtained from the strain rosette meas-
urements., In all cases the strcsses given are the
averages of the meagured values on the two sides of the
sheet, In general, the measwred stresscs before buckling
were rcasonably consistent with those computed on the
assumption of pure shecr. The diagonal tensions and
ccmpressions were approximatcly equal to the agerage
shears and were inclined 45© to the longitudinal axis of
the spccimens. The buckling torques indicatcd by these
strcss determinations were within the ranges determined
from the twist measurements. After buckling, the ding-
onal tensions continued to vary linearly with torque
but their magnitudes increased to two or more times the
average shears and thore was a marked shift in their
direction. The corresponding diagonal comprcssions
varied little in most cases from their values at the
buckling torgques.

In view of the type of buckling shown in figures
12, 13, and 14, it was not expected that a very accurate
measurce of the maximum shect stresges accompznying
tengion-field action could bs obtaincd. In cases where
stresscs were measured at more than cne locaticn in the
some panel, the values at the center werc the highest,
An exception to this rule probably would have been
found had strain meashrements been taken on specimen 19
(se> buckle pattern in fig. 14). Local bending stresses,
wvhich govorn permanent buckling characteristics, were
obviously much higlicr than any of the average valucs
indicated but the lccations and magnitudes of these
critical stresses were oi coursc unknown.

The irregularitics shown in certain of the torguc-
stress relations for specimens 15 and 21, in the ronge
Just after buckling, mny apparcntly be attributed
largely to the effect of shifting buckle patterns, TFor
these cases, the computed angles of maximum tensions
ranged from abtout 450 before buckling, to valucz as low
as 130 after buckling, The fact that these angles were
not congistent with tlhe wave angles shown in figure 12
suggests that the stresses measured were not the maxi-
mun tengicns developed in the pancls. In specimens 14
and 20, where there was less shift in the buckle patterns
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relative to the strain rcsettes, a bettor agreement be-
tween observed angles of buckling and compubted angles of
maximum tensions wag obtained.

Stiffener stresses and deflections., - Figures 22 to
25 irdicate the mammer and cxtent to which the stiffeners
participated 1n the development of tension-field action
after buckling. The relations between torque and average
compregasive stresg in the longitudinal stiffeners were
approximately linear. In general, the stresses indicated
by the wire resistance strain gages (lS/lG—in. gage
lengths) attached to the sides of the longitndinals were
in falr agrecment with the averages of the extreme fiber
stresgses determined by means of the 10-inch Whittemore
gtrain gage. Although the use of more than one ring--
gtiffener spacing in all specimens except specimen 15
resulted in different degrees of tension-field action
in different panels and consequently variations in aver-
age compression alcng the lengths of the longitudinals,
it 1s believed that a fairly satisfactory measure of
the maximum compressive forces developsd in these mem-
bers was obtained,

It is apparent from the measured radial deflec-
tions and the stress-distribution diagrams included in
figures 22 and 25 that the longitudinal stiffeners were
subjected to bending as well as to axial compression.
It was not possible from the measurements made, however,
to determine the maximum intensity of these bending
stresges. The location of the wire-resistance gages cn
the sides of the stiffeners made them insensitive to
bending and the Whittemore readings gave only average
stresses over l0-inch gage lengths. The amount of in-~.
tegral action developed between the stiffeners and the
sheet to which they were attached was also an uncertain
factor.

Figure 22 gives the results of the few strain
meagurements made on the ring stiffeners of specimen 14,
These stresses were not only small but appeared to be
influenced by local bending effects which cculd not be
fully evaluated, The observed radial deflections give
the most direct measure of the over-all action cf the
ring stiffenerg, These deflections, as well as those
of the longitudinal stiffeners, did not vary linearly
with torque but increased at an increasing rate as the
sheet was "stretched" betwsen longitudinals., The grecater
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the departure of the sheet from its original curved form,
the greater the radial component of the sheet tension
acting on the stiffeners. The average compressive stresses
developed in the ring stiffeners may be estimated by as-
guming that the deflections were the result of a uniformly
distributed radial pressure, since there was no signifi-
cant difference between deflections measured at or midway
between longitudinals. The maximum deflection of 0.025
inch shown in figure 25 for the center stiffiner of speci-
men 21 corresponds to an average compressive stress of
about 17,800 psi,

Analysis of tension-field action. - Reference 5 indi-
catcs the factors to be congidered in an analysis of
tengion-field action in stiffened circular cylinders and
gives formulas for computing the principal stresses in-
velved., It is apparent from an attempt to check the
behavior observed in these tests against that computed
by the prcposed methods, however, that certain aspects
of the problem are still not well understood.

Tablc IV shows a comparison betwcen measured sheet
and stiffener strceses and values computed on the assump-
tion of complete tensiocn-flield action. The angles of
principal tension rsed were assumed to coincide with the
observed angles of buckling. The fact that the ratios of
measured to computed stresses for the longitudinal shiff-
eners are less than unity indicates that partial rathcer
than complete tension field action shculd have been as-
gumed. The majority of the ring stiffener stresses, how-
ever, exceed the computed values, the differences in the
case of specimen 21 being consgiderable. The maximum
measurcd shect stresses are in fair agreemcnt with those
computed.

As indicated in reference 5, the usc of the rather
complex formulas proposed for incomplete tension-field
action reguires the evaluation of several cxperimentally
determined factors. Except for the degree of tension-
field action indicated by the ratios of measured to com-
puted longitudinal stiffener stresses shown in table IV,
these tegts have not contributed materially toward such
an ovaluation. It may be shown that the angles of buck-
ling observed for the different panels are not consgistent
with the so-called "wrinkling" factor for complete tension-
field action. Furthcrmore, thc use of more than one
spacing of ring stiffencrs in all specimens cxcept 15
prccluded the possgibility of cevaluating this factor from
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neasurements of over-all twist, Even in the case of
gpecimen 15, where a determination of this wrinkling
factor could be made, the computed angle of principal
tension was not in agreement with the angle of buckling
obscrved, Until considcerably* more data relating to
tension-field action in stiffencd cylinders arc availa-
ble, therc appears to be littls basis for making other
than the gencrally conservative aszumption of coumplete
tension-field action.

Ultimate torsional strongths., - Table V gives the
average shear and the estimated maximum tensilc and com-
pressive stresses developed in the four specimens loaded
to failurc. 1In three cases failure occurred by collapse
of the longitudinal stiffeners as shcown in figures 26, 28,
and 29; in the fourth ths sheet fractured through the
connections to one of tke end bulkheads as shown. in fig-
urc 27. The fourth test was the cne vhich indicated the
need for providing relatively high shear-resistant panels
ad jacent to the end buikheads to cushica tsnsion-field
effecta. The effectivencss of this procedure is indicated
by the fact that the averags ghear stress developed in
gpecimen 21 at failurc was about 40 percent higher than
that developed in specimen 1S, having the same stiffencr
system cxcept for the cushion panels at the ends.

The longitudinal stiffeners of specimens 14 and 21
collaneed at approximately the same estimated average
compressive stress, indicating that the length betwsen
ring stiffeners rather than the number of longitudinals
was the controlling factor. The ring-stiffener spacing
at the center of gpecimen 29 was 50 percent greater than
in specimens 14 and 21, and consequently the longitudi-
nale collapsed at a lower stregs. The buckling stresses
developed in the longitudinal stiffeners of these three
cylinders, for ring-stiffener spacings of 9 inches and
13.5 Inches, were in close agreement with the stresses
developed by the same lengths of individual stiffener
section, tested as flat-end columns., Figure 30 shows a
comparison of these data, Tailure in the column tests
occurred by twisting rather than by flexure, which ac-
counts for the considerable difference shown between the
test values and the computed Euler column curve.

Permanent sets. - Although no systematic effort *to
determine relations between buckling and first permanent
set characteristics was made in these tests, some infor-
mation relating to this aspect of behavior was obtained.
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The photographs in figures 26, 28, and 29 were taken
with considerable torque on the cylinders to emphasize
the buckle patterns. Except in the vicinity of the
longitudinal stiffeners which ccllapsed, the greater
part of these buckles in the sheet disappeared when the
torque was removed. Figure 27 shows practically no evi-
dence of permanent buckling in the center panels of
specimen 15 after the application of an average shear of
14,400 psi, accompanied by sheet deflections as high as
0.35 inch., The torque-twist curve shown for this speci-
men in figure 16, however, indicates ccnsiderable over-
all permanent set for a torque equal to only about 80
percent of the maximum, Measured deflections ior speci-
men 14 indicated that depths of buckles of about 0,25
inch were prodvced by an average shear of 5100 psi with
no appreciable set, althougn subsequent loading of this
specimen showed a reduction in mearn buckling value of
about 8 percent, It appears from these data that tesgts
to determine losses in buckling resistance may provide

a more sensitive meas' re of significant permanent set
than direct measuroments of permanent sheet deflection.

SUMMARY AND CONCLUSIONS

The torsion tests of stiffenzd circular cylinders
described in this report are the first of a series to be
completed in an experimental investigation of the shear-
buckling resistance and strength of stiffened curved
sheet, Although a number of observations of interest
have been made regarding the beshavior of this particular
group of 0.020-inch thick 245-T cylinders, additional
tegts are in progress which shculd be considered before
an attempt is made to formulate general conclusicns, The
nost significant results cbtained thus far may be sum-
marized as follows:

1. The shear-buckling stresses observed for ths cyl-
inders having ring stiffeners only averaged about 85 per-
cent of the theoretical values computed according to
Donnell, (reference §), assuming hinged edges. This aver-
age 1s about 40 percent higher than the minimum to be
ocxpected from average cylinders of these proportions,
according to ANC-S (reference 1). Although the results
of these tests are in falr agrecement with those previcus-
1y reported, their value in this investigation liss in
the fact that they provide a basls for judeing the rela-
tive efifectivenegs of longitudinal stiffensrs in increas-
ing the shear-buckling resistance of curved sheet.
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2. Tavle II gives mean obeerved shear -buckling
gtresses for 10 different sizes of curved sheet panels,
These stresses were based on buckling phenomena which
for the most part were well defined by the torque-twist
relations shown in figures 11 and 16, Variations from
the mean observed buckling value for any cone size of
panel did not exceed 15 perccnt,

3. The observed shear-buckling stresses glven in
table II are from 30 percent to 130 percent higher than
computed according to ANC~&, assuming hinged edges.
Ccmputed values based on a mcdification of the solution
given by Kromm {(reference 3) for infinitely long curved
panels, or upon the method proposed by Ebner (refer-
ence 4) are in much better agreecment with teat values.
These methods should receive further consideraticn as a
pessible basis for design.

4, A comparison of the shear-buckling stresses ob-
served for different lengths of cylindrical section,
with and without longitudinal stiffeners, and the theo-
retical values for unstiffened sections indicates that
the buckling reslistance of a glven cylinder may be in-
creased about 20 percent by adding 8 equally spaced
longitudinal stiffeners, or about S0 percent by adding
16 equally spaced longitudinals,

5. The results of the tests carried to ultimate
failure permit a gualitative if not a very accurate quan-
titative analysis of the action involved in the tension-
field range beyond bvckling. Approximately linear
relations were observed between torque and over-all twist
for the greater part of the tension-field ranges, as
shown in figure 16, although the rates of twist were three
to four times those measured in the shear-resistant range
before buckling. Linear relations were likewise observed
betwsen torque and averagc measvred stresses In the sheet
and lengitudinal stiffeners, as shown in figures 18 to 25,
The average ccmpressive stresges in the ring stiffeners,
baged on measured radial deflections, and the bending
gtregses in the longitndinals showed a definite tendency
to increasge at a faster rate than the torques.

6. An analysis of tension-field action in stiffened
circular cylinders subJected to twist involves a consid-
eration oi the buckling resistance of the sheet, the
magnitude and direction of the principal tensile stresses
produced in the shect after buckling, the contraction of
the sheet between longitudinals as a result of buckling,
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and the size and spacing of the stiffensra. Schapitz
(reference ©) has indicated the manner in which these
factors may be recognized, but except for an assumed
cage of complete tengion-field action, his formulas re-
quire substitution of experimental constants not yet
evaluated.

7. Table IV gives a ccmparison betwesen measurcd
shect and stiffener stresses and values compated for
complete tengion-field action according to Schapitz
(refcrence 5). The ratios of average measured to com-
puted stresses in the longitudinals indicate that incom-
plete rather than complete tensicn-field action should
have been assumed, although the results of the other
stress measurements are not generally consistent with

this observation.

8. Three of the four specimens loaded to the limit
of the tenslion-field range failed by collapse of the
longitudinal stiifeners. he average compressive
strceses developed for ring-stiffener spacings of 9 inches
and 13.5 inches were approximately the same as the
atrengths developed by the same lengths of individual
stiffener sections tested as flat-end columns., The
fourth specimen failed by fracture of the sheet through
the connections to onc end bulkhead.

9, Relations between averagc shear stresses and the
maximum deflecticns and bending stresses which may be
developed in sheet panels of different proportions after
buckling have not bteen sufficlently well defined to make
pessible accourate predictions regarding permanent buck-
ling charactoristics, If a structure can be loaded re-
peatedly without loss in bucxling resistance, it can be
assumed, or conrse, that the action is elastic, Tests to
determine allowable load limits for elastic buckling
appear to pirovide a mcre sensitive measure of permanent
get than dircct measurements of permanent sheet deflec-
tion.

Aluminum Research Laboratories,
Aluminum Company of America,
New Kensington, Pa., March 13, 1944.
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APPENDIX

SUMMARY OF FCRMULAS

Notation
T shear-stress for applied torque, psi
To shear-buckling stress, psi
t sheet thickness, in,
D mean dlameter, In,
r mean radius, in.
L length, in.
b arc length of panel, in,
a other dimensicn of panel, in,
o maximvm diagonal tenslon after buckling, psi
o angle of maximum diagonal tension; deg
Ox average compression in longitudinal stiffeners, psi
Oy average compression in ring stiffeners, psi
Fy area of longitudinal stiffener, sq in.

Fy arca of ring stiffencr, sq in,
E modulus of elasticity, psi, (10,500,000)

u Poisson's ratio (1/3)

Reference 1 (ANC-5)
1.2
For unstiffened circular cylinders, where D> 20

E
<574, 178

Dy l)
\t/  \D.

To =K

P
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where
K = 0.75 for hinged edges

For cvrved panels
£\8 t
= ICE - + K E -
To <b/ Py

where

X buckling factor for corresponding flat sheet
panel depending on ratio of a/b

Reference 3 (Kromm)

For infinitely long curved plate strips having
hinged edges (central angle T 43°)

1.67 ¢ ’t-

To =1.67E % 4 3

when % /E > 4.3 (Seec reference 3 for other cases.)
VT

For the panel lengths considered, values of T, deter-
mined by the above relation were multiplied by the ratio
of the computed buckling stress for a flat panel of the
same proportions to that for an infinitely long flat
panel having the same short dimensicn,

Refurence 4 (Ebner)

For curved pancls

- T2\ . Tp
To = ’TR__‘+\?/+EL

where
TR shear-buckling stress for unstiffened cylinder

Tp shear-buckling stress for corresponding flat panel
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Referencs 5 (Schapitz)
AN
For complete tenaion-field action after buckling

S
gsin tx cos o

Q
L

To

/
/
oy = 2t T, kr%COtc“'IB

/
- at fi ta -1
Oy _..}5‘._}; To \TO an a J.)

Refersnce 6 (Donnell)

For nmstiffenod circular cylinders having hinged

1.5t
ends where 4_3_.< 5.2

D

2 - e e e

Bt / 12 3/a
Ty = s / (—
° (1-P)L® 2.8+ 2.6+ 1.4 v’l-u“ tD

/7 -
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TABLE 1
TORSIONAL STRENGTHS OF 24S5-T CYLINDERS HAVING RING STLFFENERS OMLY
g ety D5 0 o
A - .
Sheet 'I'hi:kness - 0.650 in.
Spea Buokiod Beord /D
eoimen ¢ ction yorage
P o Ly incs O Observed | Theorstical® Sorety
16 35.62 1.18 1110 1 325 0.84
17 27.00 0.90 1 280 1 520 0.84
18 13.50 0.45 1710 2 210 0.77
13 8.81 0.29 2 310 2 870 0.81
13 9.00 0.3 2 570 2770 0.93

t {Center to center of ring stiffeners (See Fig. 5).

* Based on Reference 6, assuming hinged edges.

ZABLE 111

COMPARISON OF OBSERVED AND COMPUTED SHEAR—BUCKL%E%L%‘I‘?%SSES FOR CURVED 24S-T SHEET PANELS GIVEN IN

Ratio of Mean Qbserved to Computed Shear-Buckling Stresses

Spc?ki)?nn Dinensionisn?f Panels, —=s o3 - -
1
5 Lopgifudionl Sttt .80 i
19 0.020 x 13.50 x 11.81 1.3 1.17 0.91 0.95
14 0.020 r 9.00 x 11.81 168 1.09 1.00 1.06
14 0.020 * 4.3l x 11.81 1.58 0.43 0.80 .92
16 Longitudizal Stiff 5.90 ip. I
20 0.020 x 13.50 x 5.90 1.39 1.10 1.12 1.30
15 0.0195 x 8.81 x 5.90 1.60 - - 1.26
15 0.0195 x 9.00 x 5.90 1 1.24 1.13 1.37
2l 0.0205 x 9.00 T 5.90 1.84 - - 1.42
B | Esiinis ol |
21 0.0205 x 2.06 T 5.90 2.02 0.71 1.5 1.56
IABLE ¥

TORSIONAL STRENGTHS OF 245-T CYLINDERS HAVING BOTH RING AND LONGITUDINAL STIFFENERS

Mean Diameter =

30.08 in.

Overall Length =~ 36 in.

Ring- | . .
Stiffener knm fvemge
Sheet Number of . Spaclng for Maximum Tension | Compression Location
Specimen | Thickness, | Longitudinal | Center Panels, Torq_llxe » | Average in in of
. in. Stiffeners in. f£-1b Shear Sheet | Longitudinals Failure
14 0.020 8 9 28 600 | 12 100 | 33 500 34 000 Longitudinals
15 0.0195 16 9 33 200 400 | 35 000 20 000 Sheet
20 0.020 16 3.5 36 800 | 15 500 | 48 500 23 000 Longitudinals
0.90205 16 9 49 000 | 20 200 | 45 900 H# X0 Longitudinals
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ZABLE 11

36

SHEAR-BUCKLING STRESSES FOR PANELS OF 24S-T CYLINDERS HAVING BOTH RING AND LONGITUDINAL STIFFENERS

Mean Diameter = 30.08 in..
Overall length = 36 in.

Spegimen Dimensions of Panels an

p.ko in. ’ Observed m—5 . ef. 4 Rel. Gi
19 0.038 x 13.50 x 11.81 2 110 1620 1 810 2 820 210
14 0.8 r 9.00 x 11.81 2 950 1 7% 2 700 2 960 277
14 0.020 x 4.31 x 11.81 4 130 2 610 9 700 5 145 4 510

16_Longitudinal Stiff 5290 ;

20 0.020 x 13.50 x 5.9 2 870 2 070 2 600 2 570 2 210
15 0.0195 x 8.81 x 5.90 3 370 2 110 - - 2 680
15 8.8195 x 9.00 x 5.9 3 590 2 100 2 88(¢ 3 170 2 680
2l L0205 x 9.00  5.90 4 %20 2 240 - - 2 910
21 0.0205 x 6.75 x 8.90 4 740 2 380 3 650 3 900 3 400
20 0.020 x 4.31 x 5.90 6 750 2 920 5 400 5 300 4 510
2l 0.0206 x 2.06 x 5.90 13 900 6 890 19 500 9 300 8 900

#* Theoretical for ¢
longitudinals.

IABLE IV

ylinders having lengths equal to ring-stiffener spacings but without

COMPARISON OF MEASURED AND COMPUTED STRESSES WITHIN THE TENSION-FIELD RANGE
STIFFENED CIRCULAR 24S-T CYLINDERS

Avg. Compression in Avg. Compression in Maximum Ten‘si-cm in Sheet,

Speﬁgl.nen }‘gfﬁe, Heasureé* éompugeg Fomp;E: leasure& aomputea Fomi;. Weasured™¥ Uompufea %
14 12 000 10 000 21 600 | 0.46 - - - 12 000 9400 | 1.28
20 900 22 500 35000 | 0.64 1 400 2 000 0.70 { 22 000 16 400 | 1.34

28 000 33 000 49 900 | 0.66 3 500 3 400 1.03 | 32 000 23 000 | 1.39

16 11 600 8 500 12 300 | 0.69 - - - 500 9 808 0.87
20 000 12 000 400 | 0.69 2 100 1100 1.91 | 15 000 16 10 0.93

30 800 19 000 27 000 | 0.70 4 200 3 500 1.20 | 26 000 25 600 { 1.01

20 13 800 9 500 21 700 | 0.44 - - - 13 000 15 500 | 0.84
22 200 14 000 33100 | 0.42 - 1 000 - 24 000 23 800 | 1.01

27 800 18 500 42 500 | 0.44 - 2 000 - 500 700 | 1.09

21 16 800 10 000 12 400 | 0.80 - - - 9 500 500 | 0.82
200 14 000 16 900 | 0.83 2 800 1 400 2.00 | 14 500 16 000 ({ 0.91

30 200 20 000 25 000 | 0.80 b 600 2 900 1.93 | 23 000 23 100 | 0.99

600 29 000 37 300 | 0.78 17 500 5 100 3.44 6 500 33 400 [ 1.09

All computed stresses based on Reference §, assuming complete tension-field aotion.

® Based on average strains measured over 10-in. §age lengths near center of stiffeners.

*#* Baged on average strains measured at centers o

t+ Based on measured radial deflections.

panels.
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